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Extended abstract
Outline
Continuum models have been developed to simulate bubbly flows at engineering and 
industrial scales. However, it has been shown that the outcome of these simulations 
often strongly depends on the closures used for the interface forces. Especially the 
drag and lift  forces are of critical importance, because they effectively control  the 
dispersion of the bubbles and therefore the mixing behaviour.
In literature a lot of data is available on the drag and virtual mass forces acting on 
single bubbles, but data on the lift force is lacking to a large extent. However, to be 
able to accurately simulate bubbly flows using Euler-Euler models, there is an urgent 
need for good quality lift force closures. Together with dedicated experiments, direct 
numerical  simulations  can  be  of  great  help,  because  they  allow  the  a  priori 
calculation of the lift force. Moreover numerical simulations do not suffer from the 
uncontrollable effects caused by surface contaminants, which have been shown in 
experiments to strongly affect the bubble rise velocity for air bubbles in water (a.o. 
Dijkhuizen, 2005). In this work a 3D Front Tracking model is used. Because of its 
high accuracy to calculate the surface tension forces, the lift force on relatively small 
bubbles can be investigated numerically.
Numerical method
A 3D Front Tracking model as described by Tryggvason et al. (2001) is used to solve 
the  non-conservative,  incompressible  Navier-Stokes  equations.  The  numerical 
method has been extended and optimized for systems with very high surface tension 
forces  and  density  ratios  (i.e.  small  gas  bubbles).  Because  of  these  numerical 
improvements  also  the  lift  force  on  relatively  small  spherical  bubbles  can  be 
simulated  without  problems  of  volume  losses  as  was  observed  by  others.  The 
surface tension force in our model is calculated directly from the connectivity of the 
triangular markers and is distributed to the Eulerian grid using mass-weighing (Deen 
et al., 2004). The benefit of these improvements is that very high density ratios often 
found in realistic physical systems can be simulated without any numerical problems 
or instabilities. The model has been successfully used to study the drag and virtual 
mass forces acting on single air bubbles in water (Dijkhuizen et al., 2005), as well as 
for different bubble shapes throughout the Grace diagram (van Sint Annaland et al., 
2006).
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Preliminary results
As a first test the lift force was simulated on a coarse grid for two different mixtures of 
glycerin  and  water,  with  Morton  numbers  of  10-2.8 and  10-5.5 respectively, 
corresponding to two different  conditions in  the experimental  study performed by 
Tomiyama et al. (2002). In the simulations a prescribed (downward) liquid flow with a 
linear shear field of 5 s-1 enters at the top of the domain, while an initially spherical 
bubble is located at 60% of the height of the computational domain and is centred 
horizontally.  For the most viscous case a 50x50x50 grid and for the less-viscous 
case a 50x50x100 grid was used, to capture most of the wake structure.
According to theory there are two different mechanisms for the lift force: for small, 
slow moving bubbles (1-5 mm) the shape-induced lift force, which is comparable to 
an airfoil, is most important. In case of larger bubble diameters a larger wake behind 
the bubble is formed and the wake-induced lift force becomes dominant, causing the 
change in  the  sign  of  the  lift  force.  The  simulations  support  these  findings.  The 
computed velocity field around the bubble for two different bubble diameters in a 
shear field is shown in Fig. 1. The figure shows that a bubble with a diameter of 4 
mm is moving to the right and the wake is quite small. However, the 6 mm bubble 
has  a  very  pronounced  slanted  wake,  as  also  observed  in  the  experiments  by 
Tomiyama et al., which causes the bubble to move in the opposite direction.
Figure 1: Velocity vector plot for a 4 (left) and 6 mm (right) air bubble in a shear field  
(glycerin/water mixture, M=10-5.5). The small bubble moves to the right because of the 
shape-induced lift and the large bubble moves to the left because of the interaction  
between the shear-field and the slanted wake.
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To validate the simulation results, first of all the drag force is compared in Figure 2 to 
the theoretical relation for pure systems given by Tomiyama (1998). This relation can 
be described in terms of the Reynolds number for small bubbles and in terms of the 
Eötvös number for large deformed bubbles. It can be seen that the simulation results 
generally match very well, although small deviations can be discerned for deformed 
bubbles in systems with high Morton numbers (>10-2.8). 
Figure 2: Drag coefficient as a function of the Reynolds number for small bubbles 
and as a function of the Eötvos number for large bubbles. The lines represent the 
theoretical relation by Tomiyama (1998) and the symbols are the 3D-FT simulations  
for two mixtures with different viscosities.
Tomiyama et al. (2002) also proposed a closure law for the lift  force, where they 
show that  the lift  coefficient  for  small  bubbles can be given as a function of  the 
Reynolds number, while for larger bubbles it can be described by a modified Eötvös 
number, based on the horizontal diameter of the deformed bubble (Fig. 3). Since the 
surface  tension  coefficient  hardly  varies  for  different  glycerin/water  mixtures,  the 
change in the sign of the lift coefficient only depends on the bubble shape and not for 
instance  on  the  size  of  the  wake.  The  lift  force  coefficients  computed  from  the 
(coarse grid) simulations are also plotted in the figure and they match reasonably 
well.  Due  to  the  fact  that  the  velocities  caused  by  the  lift  force  are  very  small, 
simulations using a finer grid will have to be used. Secondly, even though the rise 
velocity of the bubble is not affected, the size of the computational domain may have 
an influence on the lift  force. These points will   be addressed in the near future. 
Future work also focuses on an experimental  validation of  the computed velocity 
fields using PIV measurements, as well as on a study on the influence of swarm-
effects on the lift force.
Figure 3: Lift coefficient as a function of the Reynolds number for small bubbles and  
as a function of the modified Eötvos number for large bubbles (EoD<4).
3
References
1. Deen, N.G., van Sint Annaland, M., Kuipers, J.A.M.,  Multi-scale Modeling of 
Dispersed Gas-Liquid Two-Phase Flow, Chem. Eng. Sci. 59 (2004), pp. 1853-
1861.
2. Dijkhuizen, W., van den Hengel, E.I.V., Deen, N.G., van Sint Annaland, M., 
Kuipers, J.A.M.,  Numerical investigation of the closures acting on single air-
bubbles in water using Volume of Fluid and Front Tracking models, Chem. 
Eng. Sci. 60 (2005), pp. 6169-6175.
3. Tomiyama,  A.,  Struggle  with  computational  bubble  dynamics,  Third 
international conference on multi-phase flow (1998), Lyon, France.
4. Tomiyama,  A.,  Tamai,  H.,  Zun,  I.,  Hosokawa, S.,  Transverse migration of 
single bubbles in simple shear flows, Chem. Eng. Sci. 57 (2002), pp. 1849-
1858.
5. Tryggvason, G., Bunner, B., Esmaeeli, A., Juric, D., Al-Rawahi, N., Tauber, 
W.,  Han,  J.,  Nas,  S.,  Jan,  Y.-J.,  A  Front  Tracking  Method  for  the 
Computations of Multiphase Flow, J. Comp. Phys. 169 (2001), pp. 708-759.
6. van  Sint  Annaland,  M.,  Dijkhuizen,  W.,  Deen,  N.G.  and  Kuipers,  J.A.M., 
Numerical  simulation of gas bubbles behaviour using a 3D Front Tracking  
method, AIChE Journal 52 (2006), pp. 99-110.
4
